Abstract: In this work, process modelling, thermodynamic analysis and optimization of stand-alone dry and partial oxidation reforming of methane as well as, the auto-thermal reforming processes were investigated. Firstly, flowsheet models were developed for both the stand-alone systems and auto-thermal reforming process using ASPEN HYSYS ® . Furthermore, thermodynamic studies were conducted for the stand-alone and auto-thermal reforming processes for temperatures range of 200-1000°C and pressure range of 1-3 bar using Gibbs free energy minimization methods which was also performed using ASPEN HYSYS ® . The simulation of the auto-thermal reforming process was also performed at 20 bar to mimic industrial process. Process parameters were optimized in the combined reforming process for hydrogen production using desirability function. The simulation results show that 84.60 kg/h, 62.08 kg/h and 154.7 kg/h of syngas were produced from 144 kg/h, 113 kg/h and 211 kg/h of the gas fed into the Gibbs reactor at CH 4 /CO 2 /O 2 ratio 1:1:1 for the stand-alone dry reforming, partial oxidation reforming and auto-thermal processes respectively. Equilibrium conversion of CH 4 , CO 2 , O 2 were thermodynamically favoured between 400 and 800°C with highest conversions of 100%, 95.9% and 86.7% for O 2 , CO 2 and CH 4 respectively. Highest yield of 99% for H 2 and 40% for CO at 800°C was obtained. The optimum conditions for hydrogen production were obtained at CH 4 /CO 2 , CH 4 /O 2 ratios of 0.634, 0.454 and temperature of 800°C respectively. The results obtained in this study corroborate experimental studies conducted on auto-thermal reforming of methane for hydrogen and syngas production.
Introduction
The growing demands for energy have been continuously met with energy derived from fossil fuels such as coal, natural gas and petroleum [1] . However, the sustainability of these fossil fuels has been a major issue of discussion amongst scientific community for over five decades [2, 3] . One major concern is the amount of CO 2 being released from burning these fossil fuels, which was estimated to be 40 billion tonnes in 2013 [4] . One way to efficiently mitigate the effects of the CO 2 emission is using it for CH 4 reforming to produce synthesis gas (syngas) [5, 6] . Syngas, a mixture of H 2 and CO 2 can be used as a feedstock for the production of ammonia, methanol and Fischer-Tropsch liquids (FTLs) [7, 8] . Presently, syngas is produced commercially from steam reforming of methane using supported nickel catalyst [9, 10] . Apart from the fact that catalyst deactivation through carbon deposition, sintering and poisoning are the major challenges of the steam reforming reaction, the process cannot be used to reduce the effect of CO 2 emission on the environment compare to dry reforming [5, 10] . In view of this, there have been concerted efforts by researchers to investigate other forms of CH 4 reforming process such as, dry reforming and partial oxidation reforming for syngas production [11] .
Syngas production from dry reforming of CH 4 has the advantage of producing H 2 /CO ratio suitable for FTS process compare to steam reforming, as shown in eqs (1) and (2) [12, 13] .
Theoretically, H 2 /CO ratio of 1 and 4 are produced from dry reforming and steam reforming of methane, respectively. However, due to endothermic nature of the dry reforming reaction, high temperature greater than 750°C is usually required to start the reaction [14, 15] . Several studies have shown that high temperature required for dry reforming reaction often leads to catalysts deactivation through carbon deposition and sintering [16, 17, 18] .
Furthermore, syngas production can be enhanced through combination of dry reforming with partial oxidation reforming process. Partial oxidation reforming process (eq. (3)) which is an exothermic reaction does not require high energy to start up and not often susceptible to catalyst deactivation via carbon deposition and sintering [19, 20, 21] . However, one of the major challenges is the removal of heat from the catalyst [19] . The combination of these two reforming processes otherwise known as auto-thermal reforming process will enable efficient heat transfer through the catalytic bed thereby producing a thermodynamically neutral reaction [22] . In addition, it will enable flexible ratio of H 2 /CO to be produced and subsequently used as a feedstock for different chemical processes.
The auto-thermal reforming of methane can be represented by eq. (4) [23] .
The ratio of H 2 to CO formed during the auto-thermal reforming reaction can be monitored to produce H 2 /CO ratio between 1 and 2.
Researchers have recently focused on the development of suitable catalysts for the auto-thermal reforming with little attention on the thermodynamics analysis the process [19, 20, 22] . The few literatures published on thermodynamics analysis of reforming process have mainly focussed on dry reforming of methane [23, 24, 25 ] using Langrange's undermined multiplier method for the equilibrium calculation [25, 26] .
In this study, ASPEN-HYSYS ® was employed to develop simulation models for stand-alone dry and partial oxidation reforming of methane as well as, the autothermal reforming process. The thermodynamic analysis of the auto-thermal process was performed using Gibbs free energy minimization method for temperature range from 200 to 1000°C . In addition to developing flowsheet model and thermodynamic analysis of the autothernal reforming process, optimization study was also performed to obtain the optimum conditions for the syngas/hydrogen production using desirability function. To the best of our knowledge, no other study has reported this aspect.
Methodology

Process modelling and simulation
Series of process models have previously been developed for production of syngas from autothermal reforming of CH 4 and dry reforming of methane [28, 29, 30] and partial oxidation reforming of methane [31, 32] . to develop process models of stand-alone dry and partial oxidation reforming of methane as well as, the auto-thermal reforming of CH 4 to produce syngas. The process flow diagram for the dry, partial oxidation and auto-thermal reforming of CH 4 are shown in Figures 1-3 , respectively. In Figure 1 , CH 4 , CO 2 and N 2 are compressed and fed into the Gibbs reactor for the reforming reaction. The N 2 serves as carrier gas and will not be accounted for in the material balance since it is inert. The syngas formed is cooled and separated from the mixture of the unreacted CH 4 and CO 2 using component splitter.
In the partial oxidation reforming of methane as represented in Figure 2 , CH 4 O 2 and N 2 are compressed and fed into the Gibbs reactor where the reforming reaction occurs to form syngas. The syngas produced was cooled and also separated from the unreacted methane and O 2 using component splitter.
The process flow diagram for auto-thermal reaction is shown in Figure 3 . The CH 4 , CO 2 O 2 and N 2 are compressed into the Gibbs reactor where syngas is formed via the autothermal reforming reactions. The syngas produced is cooled and separated from the unreacted CH 4 , CO 2 and O 2 .
Thermodynamics analysis
The thermodynamic analysis of the combined reforming process was performed using Gibbs free energy minimization method. This method has been employed for thermodynamic analysis of dry reforming of CH 4 , combined dry and steam reforming of CH 4 , as well as combined steam and CO 2 reforming of CH 4 [33] . Its wide application for thermodynamic analysis is due to its suitability for calculating the equilibrium composition of any reaction system [34] . Based on the principle of the Gibbs free energy minimization, for any reaction system to be thermodynamically favoured, the Gibbs free energy must be at its minimum value with the change in the Gibbs free energy equals to zero at any given temperature and pressure (eq. (5)) [35, 36] .
For a given chemical system, the total Gibbs free energy can be expressed in terms of the summation of all chemical potentials of all the components as shown in eq. (6).
The chemical potential in eq. (6) can be expressed in the form given in eq. (7).
The total Gibbs free energy of a given system can be obtained by combining eqs (6) and (7) to give eq. (8) .
Equation (8) can be minimized at a given temperature, pressure and composition of the feed [25, 36] . The Gibbs free energy minimization method via ASPEN-HYSYS ® v8.1 was employed for estimating the equilibrium composition of the gaseous components using Gibbs reactor. The distribution of the reaction products were estimated by minimizing the Gibbs free energy of each of the chemical species [32] .
Thermodynamic model (Fluid package)
Peng-Robinson (PR) equation of state [37] represented in eq. (9) was selected as the fluid package for the ASPEN-HYSYS Gibbs reactor. This was due to its wide range of applications in term of temperature and pressure as well as large binary interaction parameters available for fugacity calculation. Aside this, PR equation of state is appropriate for handling chemical reaction involving mixtures of hydrocarbons, water, air and combustion gases [37] . The fugacity calculation was performed by specify the different temperature and pressure values for the reactant. These values were then used to carry out minimization in order to obtain equilibrium composition of the reactants and the products
where a, and b are cohesive parameter and co-volume respectively. These coefficients can be estimated using eqs (10) and (11) .
The equilibrium conversions of CH 4 , O 2 and CO 2 as well as, the yields of CO and H 2 were estimated using eqs (12)- (16), respectively.
Where i ½ in and i ½ out are the inlet and outlet molar flow rate of O 2 , CO 2 , CH 4 , H 2 and CO respectively and i ¼ chemical species (O 2 , CO 2 CH 4 , H 2 and CO).
Process optimization
Optimization problem was formulated for the combined dry and partial oxidation reforming reaction as shown in eqs (17)- (19) . The main objective of the optimization is to maximize the production of hydrogen subject to the process conditions of the auto-thermal reforming of methane. The developed optimization problem was solved using the Add-in Solver tool in Microsoft Excel to obtain optimum process conditions favourable to hydrogen production. The solutions from the excel solver were plotted to obtain a profile for predicted values and desirability of the optimum conditions The choice to optimize hydrogen production was due to the preliminary analysis performed (Tables 1-3 ) where it is discovered that H 2 yield is higher compared to CO for the temperature range of 400-800°C.
Subjects to 400 T in 800 3 Results and discussion
Process simulation
The simulation results for the stand-alone dry and partial oxidation reforming of methane as well as, the auto-thermal reforming processes are shown in Tables 1-3 respectively. From Table 1 , CO 2 , CH 4 and N 2 are compressed into the Gibbs reactor at atmospheric pressure, with total flow rate of 144 kg/h to produce 84.60 kg/h of syngas. Feed ratio (CH 4 /CO 2 ) of 1 is used for the dry reforming reaction since feed ratio > 1 is usually considered as a harsh condition for methane reforming [38] . Using feed ratio > 1 will make CH 4 to be in excess, hence, the formation of carbon during its decomposition might not get sufficient free O2 to be removed. This often results to deposition of the carbon on the surface of the catalyst, thereby resulting to deactivation [18] . The reaction temperature for the dry reforming reaction is set at 800°C. This reaction temperature has been reportedly used in experimental study of dry reforming of CH 4 for syngas (H 2 and CO) production over different supported metal catalysts [38, 37] . Previous literature reports have shown that temperatures > 800°C often led to catalyst deactivation via carbon deposition; hence a decrease in the subsequent conversion of CO 2 and CH 4 , as well as the yield of the syngas [18, 39, 40] . The ratio of H 2 to CO produced is unity which makes the syngas a suitable feedstock for Fischer-Trospsc synthesis (FTS) [41] . This is in agreement with experimental study by Özkara-Aydınoğlu et al. [38] where H 2 /CO ratio obtained was approximately 1 for dry reforming of methane over Ce-promoted Pt/ZrO 2 catalyst. Similarly, the simulation result for the stand-alone partial oxidation reforming of methane is shown in Table 2 . CH 4 and O 2 are compressed into the Gibbs reactor at atmospheric pressure with total flow rate of 113 kg/h to produce 62.08 kg/h of syngas and reaction temperature of 600°C. The reaction temperature was chosen based on reported experimental values [41] . The simulated conversion of CH 4 and O 2 are 77.2% and 100%, respectively. The feed ratio (CH 4 /O 2 ) used is 2:1 based on the stoichiometric reaction of partial oxidation reforming reaction in eq. (4). The H 2 /CO ratio is approximately 2.0 which is in agreement with reported literature values by Khine et al. [42] The feedstock for the auto-thermal reforming mainly O 2 , CO 2 , CH 4 and N 2 are compressed into the Gibbs free reactor at atmospheric pressure as shown in Table 3 . The N 2 which is an inert gas was introduced to reduce the effect of carbon deposition. The auto-thermal reforming 
Thermodynamic analysis 3.2.1 Stand-alone dry and partial reforming of methane
The effect of temperature on equilibrium conversion and product distributions in stand-alone dry and partial reforming of methane for syngas production are shown in Figures 4-7 . The conversions of CH 4 and CO 2 were evaluated for temperature range between 200 and 1000°C ( Figure 4 ). Shorter temperature range (450-750°C) has been investigated experimentally by Nematollahi et al. [21] . It can be observed that the conversions of CH 4 and CO 2 increases with increase in temperature, with CO 2 having the highest conversion of 95.9% while the highest conversion for CH 4 was estimated to be 86.7%. This is in agreement with the trend observed for thermodynamic analysis of combined dry and partial oxidation reforming of methane by Amin & Yaw [26] using Langrange's undermined multiplier method. Pichas et al. [44] in their studies on dry reforming of methane over a La2-xSrxNiO 4 catalyst reported higher conversion of CO 2 compared to CH 4 . Furthermore, the yields of H 2 and CO were observed to increase from 400 to 800°C and thereafter remain constant till 1000°C. This observation could be explained in terms of severe conditions at temperature > 800°C which has been reported from experimental investigations to often lead to catalyst deactivation as a result of carbon deposition on the surface of the catalyst [45, 46] .
The yield of H 2 and CO obtained from standalone partial oxidation reforming of methane also increases with increased in temperature as observed in stand-alone dry reforming of methane. The ratio of H 2 to CO for the dry reforming reaction is estimated to be approximately 1 which makes it suitable for the FTS process. Syngas formation is not thermodynamically favoured between temperatures of 200-400°C as shown in Figure 6 . However, the production of syngas picked-up from 400°C and rise to maximum at 1000°C which is contrary to trend observed for stand-alone dry reforming. This is as a result of the presence of O 2 in the feed, which has been reported to thermodynamically stabilise the partial oxidation reforming reaction [19] .
Auto-thermal reforming process
The thermodynamic equilibrium conversions of CH 4 and CO 2 for the auto-thermal reforming process at different temperature and pressure are shown in Figures 7  and 8 respectively. Overall, the conversions of CH 4 and CO 2 increase with the increase in temperature and pressure. In all cases, O 2 shows 100% conversion which can be explained based on its role as co-oxidant with CO 2 . Also, the presence of O 2 in the combined reforming process has been reported to enhance the conversion of CO 2 and CH 4 [47] . However, formation of syngas is also not thermodynamically favoured as observed in stand-alone partial oxidation reforming reaction. At 20 bar the conversions of CH 4 and CO 2 were observed to be lower compared to their conversions at pressure of 1-3 bar. This might be attributed to the detrimental effect on the combined reforming as a result of the high pressure.
Similarly, it was also observed that the yield of H 2 and CO in the auto-thermal reforming reaction increases with increase in temperature and pressure as shown in Figures 9 and 10 . The highest yield of about 99% is recorded for hydrogen at 800°C and 3 bar while highest yield of about 34% is obtained for the same conditions. This is consistent with the work of Amin & Yaw [26] who also obtained the highest yield of H 2 and CO at 827°C.
Optimization of hydrogen production
Optimization using desirability function involves representation of estimated values of response variables in a scale-free value known as desirability. Desirability function in optimization is one of the commonly used tools in the industry [48] . The total desirability is set between 0 and 1 measuring the nearness of a response to its ideal value [48] . The profile for predicted values and desirability of the optimum conditions is shown in Figure 11 . The optimum conditions for CH 4 /CO 2 , CH 4 /O 2 ratio and temperature based on the desirability profile are 0.634, 0.454 and 800°C, respectively at optimum hydrogen yield of 99.9%.
Conclusion
Process modelling, thermodynamic analysis and optimization of stand-alone dry and partial oxidation methane reforming as well as, combined dry and partial oxidation reforming process were investigated. High conversions of CH 4 and CO 2 were thermodynamically favoured at temperature of 800°C for the combined dry reforming and partial oxidation reforming process. The maximum hydrogen yield of 99.9% was obtained at optimum desirability conditions of 0.634, 0.454 for CH 4 /CO 2 , CH 4 /O 2 ratios respectively at 800°C. The variation of the syngas (H 2 /CO) ratios between 1 and 2 for the auto-thermal reforming reaction makes it suitable as a building block for production of several chemical products. This study has demonstrated that combined dry and partial oxidation reforming of methane is a promising option for hydrogen and syngas production. Figure 11 : Profile for predicted values and desirability for optimum conditions. 
